STUDY QUESTION: Does irradiation evoke adverse effects in germ and somatic cells in testis xenografts from prepubertal monkeys?
Introduction
Subcutaneous grafting of immature testis fragments from rodents and primates was introduced in 2002 as a strategy to investigate testis development (Schlatt et al., 2002) . Xenografting was later put forward as an approach for rescuing male fertility and was used to explore gonadotoxic or irradiation-induced damage (Arregui and Dobrinski, 2014) . However, the study of cytotoxic insult on testicular tissue requires animal models because access to human material is limited. Unlike rodents, non-human primates share with humans key features of testicular development, in particular the spermatogonial stem cell (SSC) system. Consequently, non-human primate testes are an ideal preclinical model system to study gonadotoxic effects on spermatogenesis (Luetjens et al., 2005; Ehmcke et al., 2006) .
Although improved cancer therapies have increased the survival rates among prepubertal boys, patients can suffer from temporary to permanent infertility later in life. This is due to the susceptibility of premeiotic germ cells to cytotoxic insult (Schover, 2005; Oeffinger et al., 2006; Ginsberg et al., 2010) . The severity of irradiation-induced damage is related to fractionation and dose of treatment (Brauner et al., 1983; Sklar et al., 1990) . Low-dose radiotherapy depletes proliferating spermatogonia (SPG) leading to temporary and reversible oligozoospermia or azoospermia. However, reserve SSCs can survive and re-establish spermatogenesis (Rowley et al., 1974) . In contrast, higher doses (total doses exceeding 6 Gy or fractionated doses exceeding 1.2 Gy) can lead to loss of SSCs resulting in seminiferous tubules populated with Sertoli cells only (SCO) and permanent infertility (Ash, 1980; Centola et al., 1994) . The underlying mechanisms of irradiation-dependent germ cell loss are poorly understood in non-human primates, and in particular the effect of irradiation on the testicular stem cell niche and the involvement of somatic cells. An important role of growth factors and chemokines with regard to SSC function, in particular stem cell maintenance, has been proposed (de Rooij, 2009; Kanatsu-Shinohara and Shinohara, 2013) . Specifically, signaling of chemokine (C-X-C motif) ligand type 12 (CXCL12) via chemokine receptors type 4 (CXCR4) and type 7 (CXCR7) promotes migration, maintenance and homing of primordial germ cells (PGCs) and SSCs (Doitsidou et al., 2002; Molyneaux et al., 2003; Boldajipour et al., 2008; Mahabaleshwar et al., 2008; Yang et al., 2013; Niu et al., 2016) . Chemokine ligand type 11 (CXCL11), another member of the ligand receptor system C-X-C, is an interferon-induced inflammatory chemokine expressed by leukocytes, fibroblasts and endothelial cells (Sanchez-Martin et al., 2013) . We recently showed that CXCL11 is expressed at low levels in developing primate testes, however, its cell-specific location and role in regulating SSC function, such as spermatogenesis, are still unresolved (Westernströer et al., 2015) .
Previous studies have used testicular xenografting to explore the effects of irradiation on immature primate testis (Jahnukainen et al., 2007) . However, xenografts were evaluated only histologically revealing a dose-dependent depletion of germ cells but no morphological abnormalities of Sertoli cells and Leydig cells (Jahnukainen et al., 2007) . To more comprehensively investigate the effect of irradiation on germ and somatic cells in testicular xenografts, we applied an approach which was also used for testicular xenografts from farm animals to track spermatogenic processes when transferred to host animals (Schmidt et al., 2007; Zeng et al., 2007) . Using gene expression profiling, we screened irradiated xenografts for molecular markers and revealed changes in the somatic environment that could not be confirmed by histological evaluation.
In this study, we developed a novel approach combining xenografting of prepubertal macaque (Macaca fascicularis) testes with the multivariant analysis of molecular and cellular features. The aim was to describe irradiation-dependent and cell-specific marker expression in immature monkey testis.
Material and Methods

Animals
Two prepubertal (codes MM687 and MM627) cynomolgus monkeys (M. fascicularis), aged 16 and 22 months, respectively, in addition to 39 adult nude mice (NMRI-Foxn1nu/Foxn1nu; Janvier) were maintained at the Central Animal Facility of the University of Münster under standardized conditions. All animals received pelleted food and water ad libitum and monkeys were fed daily supplements of fresh vegetables and fruits. In addition, all animals were kept under a 12-h light/ 12-h darkness cycle. Prior to organ retrieval, the monkeys were weighed, anesthetized with Ketaject (equivalent to 100 mg/ml ketamine per animal) and killed by decapitation. Blood was collected for hormone analysis and testes were dissected and transferred to ice-cold Dulbecco's Modified Eagle's Medium containing glucose (4 g/l), 10% fetal calf serum, nonessential amino acids and antibiotics (Gibco, Life Technologies, Darmstadt, Germany). Bouin's-fixed and paraffin-embedded testicular tissue from an adult cynomolgus macaque was used to validate immunohistochemistry staining protocols. Experimental procedures were performed in compliance with the German Federal Law on the Care and Use of Laboratory Animals (animal license number: ). The serum testosterone and physiological characteristics of the prepubertal monkeys are shown in Table I .
Irradiation procedure and xenografting
After weighing, the testes of monkeys MM687 and MM627 were dissected into 0.5-1 mm³ fragments (MM687:123 fragments; MM627:155 fragments).
The tissue was maintained in ice-cold medium until grafting, which was performed within 2 h. For each monkey, the fragments were randomly assigned to the following experimental groups: 0, 1 and 4 Gy. Dishes containing the fragments were X-irradiated with the 1 or 4 Gy for 1.7 or 6.6 min, respectively, in a Faxitron CP-150 (Faxitron, Tucson, AZ, USA). Non-irradiated control fragments were placed into the Faxitron for 6.6 min without X-irradiation (sham-exposed). To obtain pregrafting controls (PC), testicular fragments from each monkey were immediately fixed in Bouin's or snap-frozen in liquid nitrogen. For xenografting experiments, 39 castrated nude mice were randomly distributed among the three experimental groups: 0 Gy (MM687: n = 6; MM627: n = 7); 1 Gy (MM687: n = 6; MM627: n = 7); 4 Gy (MM687: n = 6; MM627: n = 7). Each recipient mouse received six testicular fragments under the skin along the dorsal midline using Cancer Implant Needles (G13 Popper and Sons, Staunton, VA, USA). Mice were maintained in individually ventilated cages (IVC) in groups of three to four per cage.
Sample retrieval and preparation
At 6.5 months after graft implantation, recipient mice were anesthetized (80 mg Ketamine (Ceva, Düsseldorf, Germany) and 12 mg Xylazine (Ceva, Düsseldorf, Germany) in saline), weighed and killed by exsanguination and blood was collected to enable subsequent hormone analysis. Table II provides details on the physiological and endocrine status of the recipients. Back skin was removed and the testicular grafts were dissected from the skin. The number and weight of grafts was recorded (Table II) . Prior to analysis, grafts were either snap-frozen for subsequent RNA analysis (using customized RT 2 Profiler PCR arrays) or were fixed overnight in Bouin's solution. Fixed grafts were stored in 70% ethanol until routine embedding in paraffin and sectioning. Larger grafts were dissected into halves and subjected to both gene expression and histological analysis.
Hormone measurement for monkeys and mice
Serum testosterone concentrations were determined by a solid-phase, double-antibody radioimmunoassay technique (Chandolia et al., 1991 (Chandolia et al., , 2006 using an in house iodinated tracer (testosterone-3-CM-histamine) by the chloramine-T/sodium metabisulfite method and an antiserum raised in rabbit against testosterone-3 (carboxymethyloxime)-bovine serum albumin (BSA). The sensitivity of the assay was 0.68 nmol/l. The intraassay coefficient of variation was 5.7%. Table SI) . Our own previously published data on gene expression and immunohistochemical staining in primate testes were used to select most of the marker genes (Albert et al., 2012; Eildermann et al., 2012b; Kossack et al., 2013; Westernströer et al., 2015) . Additional markers were selected using information from the studies by Hermann et al. (2010) and Chalmel et al. (2012) . The final list of markers was compiled by consideration of broad functional aspects of germ and somatic cell development during the early pubertal stage as well as in regard to the target population of X-irradiation. In total, 12 (0 Gy), 9 (1 Gy) and 12 (4 Gy) grafts obtained for monkey MM687 and 12 (0 Gy), 15 (1 Gy) and 6 (4 Gy) grafts from monkey MM627 were analyzed for gene expression (Supplementary Table SII ). In addition, four reference genes (GAPDH, wilms tumor 1 (WT1), non-POU domain containing, octamer-binding (NONO), ribosomal protein L13a (RPL13A)) and three array controls (provided by manufacturer) were analyzed. Quantitative PCRs (qPCRs) were run on the BioRad CFX 384 RealTime-PCR Cycler and subsequently analyzed by using the BioRad CFX Manager 2.1. The PCR program consisted of one cycle of 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Results were normalized using the average of the four reference genes and are demonstrated as 2
−ΔCt values (according to Livak and Schmittgen, 2001; Schmittgen and Livak, 2008) . To visualize the relative expression levels of the 34 marker genes, heat maps were generated using Microsoft Excel 2010 (Microsoft, Redmond, WA, USA). A color scale based on the log values of relative expression ranging from red (high) to green (low) was applied.
Morphological evaluation of prepubertal testicular tissue and xenografts
The embedded testicular fragments were cut into 4 µm sections and mounted onto slides. Two randomly selected slides from each graft were rehydrated and stained using periodic acid Schiff's reagent followed by haematoxylin counterstaining. Using light microscopy (Olympus BX61 microscope, Olympus, Melville, NY, USA) each graft was evaluated to determine the proportion of seminiferous tubules containing the most advanced germ cell type (SPG), spermatocytes (SPC) or complete absence of germ cells (SCO). All visible seminiferous tubules in a given crosssection were scored up to a maximum of 80. The size of the grafts was variable and only nine tubules were scored in the smallest individual graft section. In total, the following numbers of grafts were evaluated in each group: MM687 (0 Gy: n = 22 grafts, 1 Gy: 11 grafts, 4 Gy: n = 10 grafts) and MM627 (0 Gy: n = 8 grafts, 1 Gy: 12 grafts, 4 Gy: 6 grafts) (Supplementary Table SII) .
Immunohistochemical staining procedures
Deparaffinized and rehydrated sections were washed with distilled water and Tris-buffered saline (TBS). Antigen retrieval was performed in citrate buffer (pH 6) in the microwave oven for 12 min. After cooling to room temperature, sections were washed in TBS and non-specific peroxidases were inactivated with 3% (v/v) H 2 O 2 for 15 min at room temperature. Next, sections were incubated with 5% (w/v) BSA for 30 min at room temperature to block non-specific binding sites. Subsequently, one of the three primary antibodies directed against smooth muscle actin (SMA) (mouse-monoclonal anti-SMA, A2547, 1:1000, Sigma-Aldrich, Hamburg, Germany) which is encoded by the ACTA2 gene, CXCL11 (rabbit-polyclonal anti-CXCL11, ab9955, 1:100, Abcam, Cambridge, UK) or CXCL12 (mouse-monoclonal anti-CXCL12, MAB350, 1:10, R&D Systems, Wiesbaden, Germany) was applied and sections were incubated in a humid chamber at 4°C overnight. Testicular sections treated with corresponding mouse (I5381) or rabbit (I5006) IgG antibodies served as control (1:1000, Sigma-Aldrich, Hamburg, Germany). After overnight incubation, sections were washed three times in TBS and the corresponding secondary antibodies, conjugated to either biotin (goat anti-mouse biotin, B7264, 1:100, Sigma-Aldrich, Hamburg, Germany) or horse-radish peroxidase (HRP, goat anti-rabbit HRP, A6154, 1:100, Sigma-Aldrich, Hamburg, Germany; chicken anti-mouse HRP, sc2954, 1:100, Santa Cruz Biotechnology, Inc. Heidelberg, Germany) were applied. A streptavidin-HRP conjugate (S5512, dilution 1:500, Sigma-Aldrich, Hamburg, Germany) was applied for 1 h at room temperature to detect the biotinylated antibody. Finally, the protein expression patterns were visualized using 3,3´-diaminobenzidine as chromogen. Hematoxylin was applied as counterstain. Samples were analyzed using the Olympus BX61 microscope with an attached Retiga 400 R camera (Olympus, Melville, NY, USA). All images were acquired digitally using CellSens imaging software (Olympus, Melville, NY, USA) for further analysis.
Semi-quantitative analysis of immunohistochemical staining CXCL11, SMA and CXCL12 were analyzed by random systematic sampling in order to detect irradiation-dependent changes in protein expression patterns. The role of chemokines, and specifically CXCL12, has gained increasing attention concerning its function in the testis. CXCL12 is crucial in guiding migratory PGCs to the gonadal anlage in mice and zebrafish (Doitsidou et al., 2002; Molyneaux et al., 2003; Boldajipour et al., 2008; Mahabaleshwar et al., 2008; Niu et al., 2016) . Furthermore, CXCL12 is described as an important contributor to SSC maintenance (Yang et al., 2013) . We speculated that CXCL12 is important when the testis recovers from irradiation. We selected CXCL11 as a marker for immunohistochemistry as we revealed significant effects of irradiation on mRNA level in both monkeys. SMA was selected for immunohistochemical staining as it is a reliable marker for androgen-driven peritubular myoid cell differentiation. The number of grafts analyzed for each protein is depicted 
Statistics
Analyses were performed using GraphPad Prism Version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). Statistically significant differences were determined by Mann-Whitney U-test or non-parametric Kruskal-Wallis analysis with Dunn's post hoc test. Significance was assumed at P < 0.05. In the figures, the number of stars indicate different P values to represent *P < 0.05, **P < 0.01 and ***P < 0.001.
Results
Characterization of recipient mice and testicular xenografts
Recipient mice showed no changes in body weight, seminal vesicle weight or serum testosterone levels at 6.5 months after grafting (Table II) . The recovery rate of xenografts retrieved from the hosts varied between 63% and 83% irrespective of irradiation exposure. However, the weight of analyzed grafts was significantly lower after exposure to 4 Gy compared to non-irradiated grafts and those irradiated with 1 Gy (Table II) .
Testicular histology and germ cell gene expression
At the time of grafting, the testes of both monkeys contained exclusively SPG as the most advanced germ cell type (Fig. 1A , E and G, K). In both monkeys, SPC appeared in xenografts after 6.5 months (Fig. 1B, E and H, K) . A dose-dependent depletion of SPG was observed after irradiation. We observed that 40% of seminiferous tubules in non-irradiated grafts (0 Gy) contained SPG. This proportion declined after irradiation with 1 Gy to 3.4% and 4.3% in monkeys MM687 and MM627, respectively (Fig. 1C, E and I, K) . The relative number of seminiferous tubules containing SPG decreased further to 1.3% (MM687) and 0.2% (MM627) in the 4 Gy group. SCO tubules became highly abundant (Fig. 1D , E and J, K). In regard to somatic cells, testicular histology appeared widely normal. No tubular ghosts, hyalinization or other degenerative changes were observed in grafts of any group (Fig. 1A-D and G-J).
Gene expression profiling was performed on total RNA retrieved from single xenografts to reveal irradiation-dependent changes in germ cells (Fig. 1F and L, Supplementary Fig. S1 ). The heat maps show germline specific transcript levels from six selected markers. Except for DDX4 (DEAD (Asp-Glu-Ala-Asp) box polypeptide 4), which shows a significant decline only in MM687, they reveal the expected significant irradiation-dependent decline in mRNA expression for both monkeys, confirming the morphologically detected loss of germ cells ( Fig. 1F and  L; Supplementary Fig. S1 ). The 2 −ΔCt values for additional germ cell markers reveal substantial heterogeneity in the decline of transcript levels (Supplementary Tables SIII and SIV) .
Irradiation-dependent changes in somatic cell gene expression
Gene expression data for selected somatic cell marker genes are shown in Fig. 2A and B for MM687 and MM627, respectively. For each monkey, the mean 2 −ΔCt values for somatic cells are presented in Table III (raw data in Supplementary Tables SIII and SIV) . Here, inter-animal comparison was only performed for 0 Gy grafts to indicate the status of somatic cell differentiation. Both monkeys in the non-irradiated group showed gene expression levels in the same range for 16 markers. Only CXCL12 and SMA were higher in the monkey with more advanced spermatogenic activity (MM687 , Table III ). This indicates that the grafts reached a similar state of somatic cell differentiation after xenografting. The published physiological roles and cell-specific expression patterns of all studied markers in non-human and human primates are shown in Supplementary Table SI . Irradiation-dependent changes of gene expression profiles were detected in five genes for MM687 and in two genes for MM627 (Supplementary Tables SIII and SIV) . CXCL11 expression was affected in a dose-dependent manner in both monkeys ( Fig. 2A-C) . Transcript levels of the somatic cell marker genes fibroblast growth factor receptor 1 (FGFR1), wingless-type MMTV integration site family, member 5A (WNT5A), colony stimulating factor 1 (CSF1), bone morphogenetic protein receptor, type II (serine/threonine kinase) (BMPR2) and the SMA encoding gene ACTA2 showed significant dose-dependent irradiation effects in one monkey ( Fig. 2A, B, D) . CXCL12 was a prominent member of a number of markers whose transcript levels were not significantly affected following irradiation ( Fig. 2A, B, E) .
Irradiation-dependent changes in protein levels of somatic cells
Immunohistochemical staining was applied to determine possible changes in somatic expression patterns at the protein level. Staining protocols using antibodies against CXCL11, SMA and CXCL12 were validated using normal prepubertal and adult cynomolgus monkey testes (Fig. 3) . Representative micrographs indicate the categories used for morphometric scores of CXCL11 (Fig. 4A-C) , SMA ( Fig. 4F-H) and CXCL12 (Fig. 4K-M) . The irradiation-evoked changes in protein level followed similar patterns in both donors for all three markers. For SMA (Fig. 4I-J) and CXCL11 (Fig. 4D, E ) the levels declined with higher irradiation exposure. The expression pattern is different for CXCL12 (Fig. 4N-O) , which reached a maximum protein level at 1 Gy exposure. When calculating the changes in the mean protein levels of CXCL12 and SMA taking all grafts from both monkeys into account ( Supplementary Fig. S2 ), the irradiation-evoked effects remain significant irrespective of inter-individual differences of the donors.
Discussion
To study the dose-dependent effects of irradiation on testis function, traditionally large animal cohorts are required; for instance de Rooij et al. (2002) used 58 testes from 29 monkeys to investigate in vivo the effects of total body irradiation (Meistrich, 1993; de Rooij et al., 2002) .
To minimize the number of animals used, we performed an irradiation study of testicular tissue using a xenografting approach, as previously described (Jahnukainen et al., 2007) . Using only two immature cynomolgus monkeys, we obtained a large number of grafts which we testis tissue prior to and 6.5 months after xenografting in mice. Representative micrographs are shown for the two monkeys used in the study (A-D: MM687, G-J: MM627). Pregrafting controls (PC) show spermatogonia (SPG: red arrows) as the most advanced germ cell type in the two prepubertal monkey testes (A, G). Non-irradiated grafts contain seminiferous tubules with no germ cells (blue asterisks), SPG (red arrows) and spermatocytes (SPC: green arrowheads, B, H). In grafts exposed to a dose of 1 Gy, seminiferous tubules without germ cells (Sertoli cell only: SCO) and few SPG were observed (C, I). Few seminiferous tubules contain germ cells in grafts exposed to 4 Gy (E, K). The two series of pie charts depict the morphometric results of both monkeys as percentages of seminiferous tubules in accordance to the most advanced germ cell types scored into the three categories: SCO, SPG and SPC (F, L). The two heat maps describe irradiation-dependent changes in relative mRNA expression levels of six germ cell marker genes (spalt-like transcription factor 4 (SALL4), fibroblast growth factor receptor 3 (FGFR3), melanoma antigen family A 4 (MAGEA4), kit receptor (KIT), boule-like (BOLL) and DEAD (Asp-Glu-Ala-Asp) box polypeptide 4 (DDX4)) in both monkeys. Red colors in the heat map indicate higher relative gene expression, while green colors indicate lower relative gene expression. Genes marked in bold showed significant changes in relative mRNA expression and each column represents one graft. Transcript levels of the six markers are also shown as scatter plots (Supplementary Fig. S1 ). Scale bars in A-D and G-J represent 20 µm.
exposed in vitro to different doses of irradiation prior to grafting. Thus, xenografting allowed us to investigate the dose-dependent effects of irradiation with sufficient sample sizes and no need to irradiate living animals. The xenografting approach enables the comparison of testicular material from identical donors exposed to different experimental conditions. If all fragments were obtained from one individual, the Figure 2 Heat maps of RT 2 Profiler PCR array results revealing somatic cell gene expression in non-irradiated (0 Gy) and irradiated (1 and 4 Gy) monkey testicular prepubertal tissue prior to and 6.5 months post xenografting. The mRNA expression results for 18 marker genes (integrin, alpha 6 (ITGA6), platelet-derived growth factor alpha polypeptide (PDGFA), SMAD family member 7 (SMAD7), fibroblast growth factor receptor 1 (FGFR1), hydroxy-delta-5-steroid dehydrogenase, three beta-and steroid delta-isomerase 2 (HSD3B2), wingless-type MMTV integration site family, member 5A (WNT5A), colony stimulating factor 1 (CSF1), kit ligand (KITLG), gonadotropin releasing hormone 1 (GNRH1), bone morphogenetic protein receptor, type II (serine/threonine kinase) (BMPR2), clusterin (CLU), SRY (sex determining region Y)-box 9 (SOX9), anti-Mullerian hormone (AMH), androgen receptor (AR), chemokine (C-X-C motif) ligand 12 (CXCL12), glial cell line derived neurotrophic factor (GDNF), actin, alpha 2, smooth muscle, aorta (ACTA2), chemokine (C-X-C motif) ligand 11 (CXCL11)) are shown in heat maps for monkeys MM687 (A) and MM627 (B). For more details and quantitative results, refer to Supplementary Tables SIII and SVI. Red colors in the heat map indicate higher relative gene expression, while green colors indicate lower relative gene expression. Genes marked in bold show significant irradiation-dependent changes in relative gene expression and each column represents one graft. Dot plots showing mRNA levels of CXCL11 (C), ACTA2 (D) and CXCL12 (E) for both monkeys (MM687 red, MM627 black). Each dot represents a single graft. Data are shown as 2 −ΔCt values with mean ± SEM. Statistical analysis using non-parametric Kruskal-Wallis test with Dunn's post hoc test was applied and significant differences are indicated by horizontal bars: *P < 0.05, **P < 0.01 and ***P < 0.001.
inter-animal variation is completely eliminated. However, the limited number of donors required for xenografting studies carries the risk that the starting tissue will not be fully representative of the stage of development. It is therefore mandatory to carefully characterize the endocrine and physiological status of the donor and to monitor the spermatogenic and somatic differentiation in the testicular tissue using valid markers prior to grafting into the host. In our study, we used two donors whose status was highly comparable with regard to somatic cells as we showed in the 0 Gy group. The variability of the starting material cannot be reduced by grafting but will lead to variation between individual grafts. This variability may increase further owing to the heterogeneity of the graft environment, for example the efficiency of restoration of blood supply after grafting. It is interesting to note that the variability of our data differs when we focus on germ versus somatic cells. With regard to germ cells, both monkeys were prepubertal since neither monkey showed meiotic progression at retrieval of the tissue. However, the monkeys differed in the number of SPG per seminiferous tubule. In our study, the starting condition has a strong influence on the appearance of meiotic cells in the untreated grafts, which reached 15% in MM687 but only 2% in MM627. With regard to somatic cells, we detected a comparable pattern of gene expression between both monkeys in the nonirradiated group indicating a comparable status of somatic differentiation. Here, the grafting procedure shows low variation and leads to a similar phenotype in the non-irradiated (0 Gy) group. However, changes were observed in response to irradiation at the mRNA expression and protein level. Our study selected donors at the prepubertal state of development and showed that irradiation affected the induction of meiosis during the grafting period. Selection of younger or older donors showing earlier or later stages of testicular development may have revealed different responses since between birth and adulthood testicular cells undergo distinct steps of differentiation which may be specifically affected by irradiation. Future studies using donors of different ages need to be performed to explore the effects of irradiation on germ and somatic cells at different stages of testicular development. Both variation of starting material and microenvironment limit the applicability of the xenografting approach. Therefore, it appeared relevant to use homogenous starting material and to standardize the grafting procedure. Here and in our previous studies (Jahnukainen et al., 2007) , we show that despite these limitations, xenografting provides a valid readout of developmental and treatment-related parameters. Figure 3 Validation of immunohistochemical DAB staining against CXCL11, SMA and CXCL12. Protocols were tested on pregrafting tissue from the two prepubertal donors and testis tissue from a normal adult monkey. As indicated by the brown DAB precipitate, CXCL11 is expressed by endothelial cells of blood vessels irrespective of developmental stage (A-C, insets in A, B show high power magnifications of blood vessels). CXCL11-positive peritubular myoid cells can only be observed in the adult testis (arrow in C). An identical pattern of staining (brown precipitate) with positive endothelial and peritubular myoid cells (adult only) is seen for SMA (D-F). In pregrafting testes no staining was seen in Sertoli cells, however, a signal was observed in interstitial cells. In contrast, CXCL12 (G-I) was localized exclusively to Sertoli cells in the adult testis (I, brown precipitate). Incubation with non-specific IgG antibodies was performed as control (insets in C (rabbit IgG) and F (mouse IgG)). Scale bars represent 20 µm.
Additionally, this approach reduces inter-animal variation and enables a broad analysis of dose-dependent effects with a limited number of animals supporting the 3 R principle for animal research. Using such rare and valuable animal models as immature primates, xenografting provides an approach for the generation of valid and informative endpoints from a limited number of donors. However, it is possible that the one (or both) of these monkeys is not representative of all monkeys in the prepubertal stage of development. This is the first study employing molecular endpoints in addition to histological analysis to evaluate the effects of irradiation on testicular tissue. We determined dose-dependent effects on the transcription of germ cell marker genes (spalt-like transcription factor 4 (SALL4), fibroblast growth factor receptor 3 (FGFR3), melanoma antigen family A4 (MAGEA4), kit receptor (KIT), boule-like (BOLL) and DDX4).
Compared to other germ cell markers, DDX4 transcript levels showed the expected decline in both monkeys, however, only reaching statistical significance in MM687. As MM627 had only a small number of tubules with SPC the irradiation-evoked decline is too small to be detected at the level of DDX4. These results were confirmed by histological detection of germ cell depletion. The effectiveness of molecular analysis to determine irradiation-induced depletion and recovery of germ cells was previously shown in mice (Shah et al., 2009; Belling et al., 2013) .
Previous studies showed that SPG in the immature monkey and man are sensitive to irradiation (Rowley et al., 1974; Hahn et al., 1982; van Alphen et al., 1988 van Alphen et al., , 1989 de Rooij et al., 2002; Jahnukainen et al., 2007) . Doses of 1-4 Gy resulted in germ cell depletion with subsequent recovery of spermatogenesis (van Alphen et al., 1988) . Doses exceeding 6 Gy resulted in an extended, to permanent, depletion of germ cells (Ash, 1980; Centola et al., 1994) . Only doses exceeding 10 Gy were shown to have damaging effects on somatic cells. For example Leydig cell damage was observed in prepubertal boys when treated with irradiation doses exceeding 20 Gy (Brauner et al., 1983; Sklar et al., 1990) . We were interested in investigating the stem cell niche and irradiationinduced changes in peritubular myoid cells and Sertoli cells. Therefore, we selected a dose regime (1, 4 Gy) that would deplete germ cells but still allow recovery of spermatogenesis (van Alphen et al., 1988; Jahnukainen et al., 2007) . Using histological and molecular endpoints, we show a dose-dependent depletion of germ cells, thereby validating our model system and analytical approach.
Examination of non-irradiated control grafts at 6.5 months revealed the initiation of germ cell differentiation up to SPC, demonstrating that spermatogenic development of immature testes was supported in xenografts. In a previous study, focal spermatogenesis up to B-spermatogonia was observed 4 months post grafting in xenografts of immature rhesus monkeys (Jahnukainen et al., 2007) . Complete spermatogenesis in terms of the presence of functional spermatozoa was observed 7 months post grafting (Honaramooz et al., 2004) . Liu et al. (2016) were able to generate cynomolgus monkey offspring by xenografting immature testicular tissue. First sperm were detectable after 10 months in testicular xenografts obtained from 14-and 27-month-old monkeys (Liu et al., 2016) . These studies reveal a time and likely hormone-dependent initiation and progression of spermatogenesis in xenografts and indicate that it takes several months to initiate spermatogenesis from immature monkey testes and that the earliest point that post grafting postmeiotic germ cells were detectable was 7-10 months. Applications in men will most likely also need long periods of grafting before spermatogenesis is achieved. However, the successful generation of sperm from immature human tissue has not yet been achieved (Arregui and Dobrinski, 2014) .
The stem cell niche represents a specific spermatogonial microenvironment in the basal zone of the seminiferous epithelium. Sertoli cells and peritubular myoid cells releasing growth factors and presenting matrix may influence self-renewal and differentiation of SPG (Chiarini-Garcia et al., 2001 Chiarini-Garcia and Russell, 2002) . In this study, we put a major focus on the effects of irradiation on somatic cells and its potential impact on the stem cell niche. It is known that Sertoli cells in prepubertal testes are barely proliferating and initiate a final burst of mitotic expansion when FSH rises during early puberty Schlatt et al., 1995; de Rooij et al., 2002) . A low rate of Sertoli cell proliferation as well as minor apoptotic rates were confirmed after irradiation of xenografts and 24 h of organ culture (Jahnukainen et al., 2007) . It was therefore shown that Sertoli cells in the prepubertal testis are radiosensitive which has been confirmed by detecting an increased apoptotic rate and a depletion in numbers when doses of >1 Gy were applied (de Rooij et al., 2002; Jahnukainen et al., 2007) . However, 4 months post grafting, irradiation-dependent morphological changes were not detected in Sertoli cells indicating that these cells recover after irradiation exposure in xenografts (Jahnukainen et al., 2007) . In this study, we confirmed both aspects as Sertoli cells appeared morphologically normal and a decrease of graft weights in the irradiated grafts was encountered. Our study is the first to analyze Sertoli cells at the mRNA level. It was noted that some Sertoli cell-specific markers did not change while others were affected. Since Sertoli cells are in direct contact with SSCs they are considered important contributors to the SSC niche. Focusing on this aspect, we analyzed a number of growth factors and chemokines such as glialderived neurotrophic factor and CXCL12. These factors have been described as being relevant for SSC maintenance and migration, influencing recolonization of the testis (Meng et al., 2000; Doitsidou et al., 2002; Molyneaux et al., 2003; Zhang et al., 2007; Kanatsu-Shinohara et al., 2012; Yang et al., 2013) .
Previous mouse studies showed an increase in Cxcl12 expression upon cytotoxic treatment (Ryu et al., 2006; Ventelä et al., 2012; Zohni et al., 2012; Westernströer et al., 2014) . These authors concluded that cytotoxic treatment had no immediate detrimental effect on somatic cell function. However, after several days Cxcl12 expression increased which correlated with initiation of germ cell proliferation and recolonization. We did not see irradiation-dependent changes in CXCL12 transcript levels. However, in fragments showing recolonization (1 Gy), a larger proportion of Sertoli cells became CXCL12-positive indicating a potential role of CXCL12 for stimulation of spermatogenesis in the primate testis. The exact action of CXCL12 and its response to irradiation requires further study.
Peritubular myoid cells are smooth muscle cells generating peristaltic contractions for transport of immotile testicular spermatozoa to the epididymis (Davidoff et al., 1990; Romano et al., 2005; Albrecht et al., 2006) . During development, they are essential for the formation of the basement membrane of seminiferous tubules (Skinner and Fritz, 1985) . Peritubular myoid cells are recently considered important players in the regulatory network of testicular somatic cells and the stem cell niche (Mayerhofer, 2013) . Therefore, we were interested in exploring changes of peritubular myoid cells during development and applied SMA as cell-specific marker at the mRNA and protein level. We had previously shown that during puberty peritubular cell differentiation is induced by androgens and leads to an initial expression of SMA . Here, we observed an initial appearance of SMA in peritubular myoid cells and hence cell differentiation in nonirradiated tissues following the 6.5 months of xenografting. In irradiated grafts, however, the appearance of SMA was partly or almost fully diminished. Similarly, CXCL11 expression was always high in blood vessels and was only fully established in peritubular myoid cells of non-irradiated grafts. After irradiation, CXCL11 expression was diminished at the mRNA and protein level. These findings suggest that irradiation had a detrimental effect on peritubular myoid cell development. However, it remains to be elucidated whether irradiation has a direct effect on peritubular myoid cells or if irradiation-evoked changes in the microenvironment cause the absence of SMA and CXCL11. For example, irradiation might affect Leydig cells or their precursors which may affect androgen production. In the absence of androgens neither peritubular myoid cells nor Sertoli cells may experience the androgendependent terminal differentiation. This might finally affect germ cell development since factors released and matrix deposited from Sertoli and peritubular myoid cells are relevant for spermatogenic development.
Our observed changes in Sertoli and peritubular myoid cells emphasize that investigations of gonadotoxic effects should not selectively focus on germ cells but also take somatic components into account. In the present study, we aimed to identify the effect of irradiation in immature cynomolgus monkey (M. fascicularis) testes following xenografting by gene expression profiling. We observed irradiation dosedependent changes in the expression profiles of germ cells and somatic cells, in particular peritubular myoid cells. Further investigations by immunohistochemistry revealed that irradiation affected peritubular myoid cells and Sertoli cells since the SMA and CXCL12 expression patterns changed with regard to irradiation dose.
Supplementary data
Supplementary data are available at Molecular Human Reproduction online.
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